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Electroluminescent device 



BACKGROUND OF THE INVENTION 

Organic electroluminescent devices are considered to be important in many 
applications ranging from lighting to full colour emissive displays. The basic structure is an 
emitting organic layer sandwiched between electrode layers and transport layers providing 
5 electrons and holes to the emitting layer. 

In organic electroluminescent devices, electrons injected into lowest 
unoccupied molecular orbital (LUMO) of the emitting organic layer are combined with the 
holes injected into the highest occupied molecular orbital (HOMO) creating hole-electron 
pairs (excitons) which recombine to emit light. It is therefore important to have balanced 
10 injection of holes and electrons, which recombine within the emitting layer. 

Organic light emitting materials, typically electroluminescent polymers, can 
be engineered to show both good electron as well as good hole transport. In addition, the 
HOMO and LUMO levels of electroluminescent polymers can be adjusted so that they can be 
used with commonly available cathode and anode materials (e.g., ITO anode, barium 
15 cathode). This results in simple three-layer structures (electrode - organic emitting layer - 

electrode), referred to as a polymer light emitting device PolyLED. Small organic molecules 
are also used in the production of electroluminescent devices, OLEDs. In the case of OLEDs 
usually more than three layers are used in order to improve the efficiency of the devices. 

Recently, doping of organic materials with dyes has received much attention. 
20 Host materials with a large band gap can be doped with dyes with a smaller band gap. In a 
three-layer configuration, electrons and holes are injected into the polymer layer to create 
excitons, which may then be transferred to the dye molecules for emission. This allows for a 
very broad choice in emission wavelengths, as it becomes a matter of simply choosing the 
proper dye. To obtain effective energy transfer it is necessary to disperse the dye 
25 homogeneously within the emitting layer and to keep the dye molecules in close proximity to 
the organic host material, e.g. the polymer chains. For these reasons, dye molecules are often 
covalently attached to the polymer during synthesis. 

However, because dye molecules often have limited stability, nano-sized 
semiconductor crystals referred to as quantum dots (QDs) have been proposed as a 
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substitution for dyes in OLEDs and PolyLEDs. Here, quantum dots are mixed/blended with 
an organic host material to form an emitting matrix sandwiched between electrodes in a 
layered structure, a QD-OLED or PolyLED. Such devices are described in e.g. "Quantum dot 
leap", The Engineer (ISSN 0013-7758) 291, 19, 2002 and "Quantum-dot composite LED 
5 emits in IR", Photonics Technology World, June 2003 (http:/www.photonics.com/spectra/- 
tech/XQ/ASP/techid.l557/QX/read.htm). Electrons and holes injected into the matrix create 
excitons in the polymers, which are transferred to the QDs for recombination and light 
emission. Besides better stability, QD provides a number of advantages over dyes. Although 
reactive, it is relatively easy to encapsulate QD in a "passivation" or "capping", layer for 

10 making them resistant to air and humidity. Also, QDs have the unique property of emitting 
light at a frequency determined by their size. Thus, the emission wavelength from QDs can 
be precisely and continuously tuned over a large span of wavelengths simply by adjusting 
their size during fabrication. 

One disadvantage of using QDs as compared with dyes is that exciton transfer 

15 to quantum dots is more difficult. Delocalised n molecular orbitals in conjugated 

hydrocarbon chains in the organic molecules and in polymers provide efficient transportation 
of electrons, holes and excitons. The injection of holes and electrons creates excitons at 
random locations within the emitting layer, often far away from the QD. Also, electrons and 
holes may be transported in the organic host material and recombine at the QDs without 

20 proper exciton formation. The good electron and hole transport allows for the creation and 
transport of excitons in the layer, but the coupling of excitons from the electroluminescent 
material into the QDs presents a bottleneck. 

QD-OLEDs or PolyLEDs are not to be confused with other types of LEDs 
featuring QDs, where a thin layer of QDs are sandwiched between organic semiconductor 

25 (hole and electron) transportation layers. Here, electrons and holes are supplied directly to the 
QDs or the capping molecules on the QDs, not in an organic host material, and hole/electron 
and exciton transport or decay is not an issue. 

SUMMARY OF THE INVENTION 
30 It is an object of the present invention to improve electrical energy transfer 

from electroluminescent organic materials to QDs embedded in these. 

In a first aspect, the invention provides a method for improving electrical 
energy transfer from electroluminescent organic molecules to quantum dots embedded in an 
organic material matrix, the method comprising the steps of 
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- providing a matrix of electroluminescent organic molecules with embedded quantum 
dots, 

- providing one or more transfer molecules on the surfaces of the quantum dots, 

- supplying electrons and holes to the matrix using first and second electrical contacts 
in electrical contact with the organic matrix, 

- generating excited states in the electroluminescent organic molecule of the matrix in 
the form of excitons, 

- transferring excitons from the electroluminescent organic molecule to the transfer 
molecules on the quantum dots, and 

- transferring excitons from the transfer molecules to the quantum dots. 

The embedding of QDs in the matrix means that the QD are spatially 
distributed throughout the organic matrix. The QDs are preferably at least substantially 
homogeneously distributed in the organic matrix. The spatial distribution may be random or 
ordered, or anything in between. The QDs are preferably bound or in close contact to the 
organic molecules by some at least substantially bond-like interaction. Preferably, the QDs 
are embedded in the organic host material, and therefore form a single, QD-doped, emissive 
layer. 

A matrix of electroluminescent organic molecules, preferably polymers, with 
embedded QDs is typically formed by blending or mixing liquid solutions of organic 
molecules and the QDs. The resulting solution may be deposited on a substrate, typically by 
spin-coating, such as an electrode and allowed to dry out, thereby forming the matrix. 
Transfer molecules will typically be provided on the surfaces of the QDs before the QD 
solution is mixed into the organic solution. 

The electroluminescent organic molecules may be any of the 
electroluminescent organic substances presently used in OLEDs and PolyLEDs. However, in 
order to form a suitable organic matrix, the substance is preferably soluble or can be modified 
to be soluble. This allows for the proper embedding of the QDs in the organic matrix. A 
further advantage of such substances is that they can be processed from solution, so that the 
emissive layer can be readily patterned for multi- or full colour emission. Further, the organic 
host material and QD solution may only be partially dried out, so that a fluid emissive layer 
may be formed. 

Preferably, the electroluminescent organic molecules according to the 
invention are electroluminescent polymers. Polymers are organic molecules, and both 
"organic molecules" and "polymers" will be used to designate the matrix host material of the 
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light emitting layer in the following description, without the intention of limiting the scope to 
polymers only. 

Even though the organic molecules provides efficient exciton transport, the 
lifetime of excited states or excitons in the electroluminescent organic molecules is not long 
5 enough for the exciton transfer to the QDs to take place. While excited states directly on the 
surface of the quantum dots show almost 100% energy transfer, this value reduces to about 
10% already at a distance of 3nm from the surface of the quantum dots. Because of this 
behavior the excitons need to be brought to a closer proximity to the quantum dots in order to 
increase the energy transfer rate. This can be achieved by placing an exciton recombination 

10 and/or transfer molecule on the surface of the quantum dot. However it is still necessary to 
transfer the excited state created in the organic matrix to the transfer molecule. According to 
the theory of Forster for resonant energy transfer in the presence of a nearby (acceptor) 
molecule having an absorption spectrum overlapping the donor emission spectrum, part of 
the energy absorbed by the donor is transferred non-radiatively to the acceptor with an 

1 5 efficiency E given by 



where r is the distance between the two emitting centers and Ro is the Forster radius (in A): 

20 In this complex expression, a = 9.78 • 10 3 , n is the refractive index of the 

medium, go the donor fluorescence quantum yield in the absence of the acceptor and J(X) is a 
spectral overlap integral (in M" 1 -cm 3 ), /c 2 is a geometric factor, which averages out to 2/3 in 
the case of freely rotating dyes. 

Alternatively, the transfer efficiency can be measured via the fluorescence 

25 lifetimes as 

E = (1-td(a)/Td(0)) ? 

where td(a) and td(0) are the donor lifetimes in the presence or absence of acceptor, 
respectively. Therefore when an energy transfer molecule with a very large Forster radius is 
used the energy can very effectively be transferred from the organic matrix to the exciton 
30 transfer molecule which in a second step transfers the energy to the quantum dot. 

In order to utilize both Forster and Dexter energy transfer in dye doped 
systems, a proper guest-host system must be selected. With a highly efficient emitting guest, 
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the energy levels of both singlet and triplet excitons in the host must lie above the 
corresponding levels in the guest, and efficient energy transfer requires an overlap of 
emission in the host and absorption in the guest for both Forster and Dexter transfers to work 
out. The efficiency of either Forster or Dexter energy transfer from the host can also be 
described by 



ET 

k ET + k R + k NR 



Here £et is the rate of energy transfer from the organic molecule to the energy 
transfer molecule and k R and £nr are the radiative and nonradiative rate of the donor, 
respectively. This equation suggests that energy transfer is efficient if £ E t> #r+£nr . While 

10 the Forster energy transfer between singlet excitons takes place in the nanosecond time scale, 
the triplet-triplet Dexter energy transfer is often in the microsecond range. Therefore the 
exciton lifetime must be longer than the microsecond range to have an efficient triplet-triplet 
energy transfer by the Dexter mechanism. 

A transfer molecule is a molecule capable of receiving an exciton from an 

15 organic molecule, preferably a polymer of the matrix and transfer and exciton to the QD. In 
another formulation, a transfer molecule is a molecule which can be excited by an excited 
state in an organic molecule of the matrix, e.g. by exchange interaction (Dexter energy 
transfer) or by more long-range dipolar interactions (Forster energy transfer), and which 
excited transfer molecule can excite the QD by a similar mechanism. 

20 Preferably, a transfer molecule is selected to have a bandgap, Etransfer, which is 

smaller than a bandgap, E org . mo i t , of the electroluminescent molecules of the matrix and larger 
than a bandgap, E QD , of the quantum dots. To ensure an efficient transfer of excitons from the 
organic molecules to the transfer molecule, the excitons should be transferred before they 
decay or recombine in the organic molecules. Hence, a transfer molecule is preferably 

25 selected so that a transfer rate of excitons from the electroluminescent organic molecules s to 
the transfer molecules is larger than the decay rate of excitons in the electroluminescent host. 

Similarly, the exciton should be transferred from the transfer molecule to the 
QD before it decays or recombines in the transfer molecule. Hence, a transfer molecule is 
preferably selected so that a transfer rate of excitons from the transfer molecules to the 

30 quantum dots is larger than a decay rate of excitons in the transfer molecules. Optionally, a 
transfer molecule is a phosphorescing molecule having excitable long lived excited triplet 
states, i.e. excitons will have small decay/recombination rates. 
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The transfer molecules can be chosen so that they have a minimal distance to 
the QD and to the electroluminescent organic host molecules. The two-step energy transfer 
process makes it possible to reduce - indirectly - the effective distance between the QD and 
the organic molecules. Care should be taken to avoid too many of these molecules are present 
5 on the surface, so that concentration quenching is avoided. 

In a second aspect, the invention provides a quantum dot embedded organic 
material device with improved electrical energy transfer from electroluminescent organic 
molecules to embedded quantum dots, the device comprising 

- a matrix of electroluminescent organic molecules embedded with quantum dots, and 
10 - first and second electrical contacts for supplying electrons and holes to the matrix, 

wherein a quantum dot has one or more transfer molecules attached to its surface for 
receiving excitons generated in the electroluminescent organic molecules and transferring 
received excitons to the quantum dot, the transfer molecules being chosen so that a transfer 
rate of excitons from the electroluminescent organic molecules to the transfer molecules is 
15 larger than a decay rate of excitons in the electroluminescent organic molecules. 

Further, the one or more transfer molecules are preferably chosen so that a 
transfer rate of excitons from the transfer molecules to the quantum dots is larger than a 
decay rate of excitons in the transfer molecules. 

Preferably, the device according to the second aspect is a light emitting device, 
20 i.e. a QD-PolyLED. Using such a device, a layered structure can be produced where the 
excitons are first created on the polymer, subsequently transferred to surface modifying 
molecules, and finally to the quantum dot where the emission takes place. 

When a polymeric host is used, the HOMO and LUMO levels of 
electroluminescent polymers can be adjusted, so that they can be used with commonly 
25 available cathode and anode materials, such as an ITO anode and a barium cathode, so as to 
form a three layer structure. In a preferred embodiment, the light emitting device comprises 
one or more further layers such as a hole transporting and electron blocking layer and/or a 
electron transporting and hole blocking layer in addition to the organic emitting layer. Such 
layers, located between the respective electrodes and the organic matrix, serves to provide 
30 efficient hole/electron transport from the cathode/anode into the light emitting layer, while 
confining the excitons in the emitting layer In the ideal case the electron transport (hole 
blocking) layer is placed at the cathode side and would have a LUMO level which is the 
same as that of the organic matrix and a HOMO level preferably lower than that of the 
organic matrix. Such a material is also expected to show much higher electron mobility than 
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hole mobility. The ideal hole transport (electron blocking) layer is placed at the anode side on 
the other hand would have a LUMO level which is higher than that of the organic matrix and 
a HOMO level preferably slightly lower than that of the organic matrix while being higher 
than the fernii level of the anode. Such a hole transport (electron blocking) layer is also 
expected to show much higher hole mobility than electron mobility. 

A well-known example of such an additional layer which is also used as 
planarisation layer is the PEDOT/PSS hole transport layer, which is applied between the ITO 
anode and the organic emitting layer. Thus, the method according to the first aspect of the 
invention may comprise the step of confining electrons and holes in the matrix by providing 
electron and hole blocking layers adjacent to the matrix. 

The invention may be applied in a display comprising a plurality of pixels, 
each pixel comprising a light emitting quantum dot embedded organic molecule device 
according to the second aspect of the invention. In a preferred embodiment, the display is 
active in that an on/off state of each pixel can be controlled individually. In another preferred 
embodiment, the display is a colour display in that the pixels have different colours, such as , 
two or more different colours, e.g. red, green and blue. The colour of a pixel is determined by 
the bandgap, and thereby the size, of the quantum dots embedded in the light emitting layer 
of the pixel. 

In a third aspect, the invention provides a process for fabricating a light 
emitting quantum dot embedded organic device with improved electrical energy transfer 
from electroluminescent organic molecules to quantum dots, the process comprising the steps 
of: 

a. providing a plurality of electroluminescent organic molecules in solution, 

b. providing a solution comprising a plurality of quantum dots with one or more transfer 
molecules attached to the surfaces, the transfer molecules having a bandgap, E tr ansfer 5 
which is smaller than a bandgap, E org . mo i., of the electroluminescent organic molecules 
and larger than a bandgap, Eq D , of the quantum dots, 

c. mixing the electroluminescent organic molecule solution with the quantum dot 
solution, 

d. providing a first electrical contact, 

e. forming a matrix of electroluminescent organic molecules with embedded quantum 
dots on the first electrical contact by depositing the mixed solution on the electrical 
contact, and 

f. depositing a second electrical contact on the matrix. 
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Optionally, the process further comprises one or more of the following steps: 

- Planarising the contact using a conducting material layer. 

- Forming, between the matrix and the first or second electrode, a material layer for 
enhancing hole transport and deteriorating or blocking electron transport. 

5 - Forming, between the matrix and the second or first electrode, a material layer for 

enhancing electron transport and deteriorating or blocking hole transport. 

The principle behind the above aspects of the invention is to use a two-step 
energy transfer process to improve electrical energy transfer from electroluminescent organic 
molecule s to quantum dots embedded therein. It is clear from the above that the non- 
10 radiative energy transfer is inversely proportional with the distance between the emitting 
centres, the efficiency of the exciton transfer to the QDs decreases non-linearly with 
increasing distance. By introducing an intermediate stage, the transfer molecule attached to 
the QD, two shorter transitions is obtained instead of one long. The overall efficiency is then 
improved due to the non- linear dependence of the energy transfer on distance. 
15 Most QDs will be reactive towards air, humidity etc., and their surface needs 

to be protected in order to maintain their luminescent efficiency. Typically, the QDs are 
capped with a passivation layer preventing quenching of the excited state of the QD, 
generally mediated by low energy surface states. However, the capping also increases the 
distance between the QD and the organic molecule, and as a result the efficiency of energy 
20 transfer from the organic host to the QD is severely hampered. 

Therefore, the invention also provides a method for improving electrical 
energy transfer from electroluminescent organic molecules to quantum dots embedded in an 
organic material matrix, the method comprising the steps of 

- providing a solution containing one or more types of quantum dots, 

25 - attaching passivation molecules to the surfaces of the quantum dots, thereby forming 

a passivation layer on the quantum dots, 

- facilitating electrical energy transfer over the passivation layer(s) by choosing 
passivation molecules having a length less than 1 nm, or such as less than 0,8 nm, 
such as less than 0,6 nm or less than 0,4 nm or 0,2 nm, or such as less than the 

30 thickness of pyridine covering the surface of the quantum dot. 

- mixing the quantum dots with passivation layer with electroluminescent organic 
molecules to form an organic matrix with embedded quantum dots. 

Here use of short molecules for the passivation layer decreases the physical 
distance between the organic matrix and the QD by reducing the thickness of an intermediate 
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layer. Binding the organic molecules and the QDs tighter together may also decrease the 
physical distance. 

Therefore, the invention also provides a method for improving electrical 
energy transfer from electroluminescent organic molecules to quantum dots embedded in an 
5 organic matrix, the method comprising the steps of 

- providing a solution containing one or more types of quantum dots, 

- preparing a plurality of electroluminescent organic molecules with functional groups 
having a strong interaction with inorganic crystalline materials, 

- mixing the quantum dots with the electroluminescent to form an organic matrix with 
10 embedded quantum dots, facilitating electrical energy transfer between said functional 

groups on the organic molecules and the quantum dots by forming at least bond- like 
interactions between said functional groups on the organic molecules and the 
quantum dots. 

This approach reduces the effective distance between the electroluminescent 

15 organic molecules and the QD by incorporation of moieties into the organic molecules, which 
have strong interaction to the surface of the inorganic particles. Such moieties may be 
carboxylate, phosphonate, phosphine, phosphine oxide, sulphonate, thiol-groups, amine, 
pyridine, etc. In a preferred embodiment where the organic molecules are polymers, such 
functional groups can be incorporated in the polymer by application of modified monomers 

20 present in an optimum concentration. 

The QDs may be capped with a passivation layer in which case said functional 
group interacts with the passivation layer molecules, or forms part of the passivation layer. 

The bond-like interaction is a binding interaction which depends on the 
molecules in play on the functional group on the polymer and on the QD surface or on its 

25 passivation layer. The bonding may be covalent, ionic, hydrogen or van der Waal's bonds, or 
the result of complex formation. 

The invention may be applied to improve the power efficiency and 
performance of all devices based on an electroluminescent organic matrix with embedded 
QDs. The invention may thus lead to the use of such devices in a large number of 

30 applications where other light emitting devices are presently used. Also, it may lead to the 
use of such devices in areas into which the present efficiency of electrical energy transfer 
have impeded the possibility of migration of this technology. Thus, the invention is not 
restricted to improve light emitting devices, but may be used to improve the power efficiency 
and performance of devices based on an organic matrix with embedded QDs in other areas, 
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such as micro/nanoelectronic components, sensors, photovoltaic devices, and other non- 
emissive devices. 

These and other aspects of the invention will be apparent from and elucidated 
with reference to the embodiment(s) described hereinafter. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a cross-sectional view of a light emitting device according to a 
preferred embodiment of the invention. 

Figure 2 shows an enlarged cross-sectional view (not to scale) of a QD 
10 embedded matrix of polymers. 

Figure 3 shows an enlarged cross-sectional view (not to scale) of a QD with 
transfer molecules. 

Figures 4A-J show a number of triplet emitters based on Iridium, and platinum 
complexes which may be used as transfer molecules according to the invention. 
15 Figure 5 shows a cross-sectional view of a light emitting device comprising 

electron/hole blocking, hole/electron transporting layers according to a preferred embodiment 
of the invention. 

Figure 6 shows a cross-sectional view of an active colour display according to 
an embodiment of the invention. 
20 Figure 7 shows the molecular formula of an anthracene derivative. 

Figure 8 is a graph showing emission and excitation spectra of QDs and an 
anthracene derivative. 

Figure 9 is a graph showing emission and excitation spectra of QDs and an 
anthracene derivative. 

25 Figure 10 is a graph showing emission spectra of QDs and a triplet emitter. 

Figure 1 1 is a graph showing excitation spectra of QDs and a triplet emitter. 
Figure 12 is a graph showing decays of QDs and a triplet emitter. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
30 In a preferred embodiment shown in Figure 1, the invention provides a light 

emitting device 2. The device comprises a cathode 4 and a transparent anode 6 on a 
transparent substrate 5 with a power supply 8 for creating an electrical field between these. 
Between the electrodes is a light emitting layer 10 consisting of a blend of electroluminescent 
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organic molecules and QDs. In the described embodiments, the organic molecules are 
polymers. 

Figure 2 shows an illustration of an enlarged section of the device 2 of Figure 
1, the figure exaggerates the relative size. Here, the light emitting layer 10 is seen to consist 
5 of a matrix of polymers 12 with QDs 14 with transfer molecules distributed throughout the 
matrix. Also, a thin film planarising layer 1 1 is seen between the anode 6 and the light 
emitting layer 10. 

In the following, a preferred method of fabrication of the light emitting device 
2 of Figures 1 and 2 is described. When designing the device 2, the electrode work functions 

10 should match the HOMO and LUMO levels in the polymer so that it is easy to inject a steady 
supply of electron and hole pairs into the polymer. For the anode 6, a thin layer of transparent 
conductor indium tin oxide (ITO) is deposited on the glass or plastic substrate 5. A thin film 
planarising layer 11, typically 50 to 150-nm thick, is deposited on the anode 6 from solution 
using e.g. spin coating or a printing technique. The planarising layer is a non-emissive 

15 conducting polymer, poly-ethylenedioxythiophene (PEDOT) or poly aniline doped with poly- 
styrenesulphonic acid (PSS), which serves as a hole-injecting layer and has an even higher 
work function than ITO. To form the light emitting layer 10, a solution of electroluminescent 
polymers and QDs is deposited on the planarising layer 1 1 using e.g. spin coating or a * 
printing technique. Preparation of the polymer and QD solution will be described later. 

20 Finally, a metallic cathode 4 is evaporated on top of the emissive layer 10. The cathode 6 is a 
reflective metal layer with a low work function to match the LUMO level of the polymer — 
for example, calcium or barium. Alternative fabrication techniques and structures are 
possible. 

In PolyLED devices, the difference in work function between the cathode and 
25 anode materials is typically less than the polymer bandgap. Thus, there is an energy barrier 
preventing the electrons and holes entering the polymer, which impairs exciton generation, 
reducing efficiency. This potential energy barrier to charge injection is usually present at the 
cathode/polymer interface. One solution to this problem is to insert a thin layer of dielectric, 
such as lithium fluoride, at the cathode, which enhances electron injection and improves 
30 device efficiency. 

The device is typically hermetically sealed to prevent the ingress of water and 
oxygen that can degrade the organic materials and the reactive metal cathode. Present- 
generation structures typically use a metal or glass can encapsulation, with a glue seal to the 
substrate. 
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The organic matrix forming the light emitting layer is formed when a mixture 
of organic molecules and QD solutions are deposited and the solvent evaporated. Typical 
electroluminescent polymers and oligomers are poly- or oligo p-phenylene vinylene (PPV) 
and the poly- or oligofluorene family (e.g. poly(9,9'-dioctylfluorene)). Other 
5 electroluminescent polymers comprise poly- or oligo -phenylenes, poly- or oligo- 

phenylethylenes, poly- or oligo -indenofluorenes, poly- or oligo -vinylcarbazoles, poly- or 
oligo-oxadiazoles, and copolymers or blends thereof. It is also possible to use small organic 
molecules with suitable side groups for solubility and film forming. They can also be in the 
form of highly branched molecules such as dendrimers in order to improve their solubility as 

10 well as film forming properties. Examples of such small molecules are a fluorene , a fluorene 
derivative, a perylene, a perylene derivative, a coumarine, a coumarine derivative, a 
phenoxazone, a phenoxazone derivative, 4-dicyanmethylene-2-methyl-6- (p- 
dimethylaminostyryl)-4H-pyran (DCM), a 4-dicyanmethylene~2-methyl-6-(p- 
dimethylaminostyryl)-4H-pyran derivative, a rhodamine, a rhodamine derivative, an oxazine, 

15 an oxazine derivative, an oxazole, an oxazole derivative, a styryl, a styryl derivative, a metal- 
organic complex, a stilbene, a stilbene derivative, a flavin, a flavin derivative, a fluorescein, a 
fluorescein derivative, a pyrromethene, a pyrromethene derivatives or any other dye. Triplet 
emitters based in Iridium, and platinum complexes can also be used. ; 

These systems may also contain electron and/or hole conducting moieties 

20 listed below in order to improve charge transport within them. It is possible to tune the 
• electrical properties of band gap, electron affinity, and charge transport, and rheological 
properties such as viscosity and solubility by various substitutions, thus tailoring the material 
to the specific application and deposition method. 

A QD 14 with transfer molecules 15 is shown in Figure 3. The QDs are 

25 preferably prepared by wet chemical processes, and transfer molecules 15 are added to the 
surface after formation of the QD. QDs are semiconductor nanometer crystals and may 
comprise Group [II- VI] semiconductor compounds such as MgS, MgSe, MgTe, CaS, CaSe, 
CaTe, SrS, SrSe, SrTe, BaS, BaSe, BaTe, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe 
and HgTe; and/or crystals of Group [III-V] semiconductor compounds such as GaAs, GaP, 

30 InN, InAs, InP and InSb; and/or crystals of group IV semiconductor compounds such as Si 
and Ge. In addition, the semiconductor compounds may be doped with rare earth metal 
cations or transition metal cations such as Eu 3+ , Tb 3+ , Mn 2+ , Ag + or Cu + . It may be possible 
that a QD consists of two ore more semiconductor compounds. Most likely the QDs comprise 
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InN, InGaP or GaAs. The radii of the QDs are smaller than the exciton Bohr radius of the 
respective bulk material. Most likely the QDs have radii no larger than about 10 nm. 

It is possible that the QDs comprise a core-shell structure. In this case, a QD 
consists of light emitting core material, e.g. CdSe overcoated with a shell material of higher 
5 bandgap, e.g. ZnS, such that an exciton is confined to the core of the QD. 

Colloidal luminescent CdSe/ZnS core-shell nanocrystals can be synthesized 
via two-stage approach. At the first stage the monodisperse CdSe nanocrystals are prepared 
by reacting dimethylcadmium with trioctylphosphine selenide in hexadecylamine - 
trioctylphosphine oxide - trioctylphosphine (HDA-TOPO-TOP) stabilising mixture at 270- 
10 310°C. The ZnS shell around the colloidal CdSe cores are grown by slow addition of 

dimethylzinc and bis-trimethylsilylsulfide (zinc and sulphur precursors correspondingly) into 
the solution of CdSe cores in HDA-TOPO-TOP mixture at 180-220°C. The resulting 
CdSe/ZnS core-shell nanocrystals have a HDA-TOPO-TOP surface coating and are soluble 
in non-polar solvents like chloroform or toluene. 
15 Core-shell CdSe/ZnS nanocrystals exhibit strong band-edge 

photoluminescence with room temperature quantum efficiencies as high as 30-70%. The 
spectral position of the emission band is tuneable from blue to red with increasing the size of 
CdSe core from -2 to 6 nm Thin (-2 monolayers) ZnS epitaxial shell grown around CdSe 
core considerably improves particle stability and the luminescence efficiency. 
20 The surface of the particles can be modified using other molecule resulting in 

total or partial replacement of HDA-TOPO-TOP. In order to modify the surface of the dots 
with transfer molecules, they can be subjected to standard capping exchange procedure. An 
excess amount of transfer molecules with suitable functional groups are added to the QD 
solution in chloroform and stirred at 50 °C for several hours. Methanol can be used to 
25 precipitate the QDs. The dissolution and precipitation steps are repeated several times in 
order to remove transfer molecules which were not bound to QD surfaces. The transfer 
molecules can be chosen to have a small distance to the QD by introduction of a functional 
group which attaches directly to the surface of the QD, e.g., through a carboxylate, 
phosphonate, sulphonate or thiol-group. 
30 Possible transfer molecules comprise a fluorene oligomer, a fluorene polymer, 

a fluorene derivative, a phenylenevinylene oligomer, a phenylenevinylene polymer, a 
perylene, a perylene derivative, a coumarine, a coumarine derivative, a phenoxazone, a 
phenoxazone derivative, a 9, 9' spirobifluorene oligomer, a 9, 9' spirobifluorene polymer, a 
phenylene polymer, a phenylene oligomer, 4-dicyanmethylene-2-methyl-6- (p- 
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dimethylaminostyryl)-4H-pyran (DCM), a 4-dicyaninethylene-2-methyl-6-(p- 
dimethylaminostyryl)-4H-pyran derivative, a rhodamine, a rhodamine derivative, an oxazine, 
an oxazine derivative, an oxazole, an oxazole derivative, a styryl, a styryl derivative, a metal- 
organic complex, a stilbene, a stilbene derivative, a flavin, a flavin derivative, a fluorescein, a 
5 fluorescein derivative, a pyrromethene, a pyrromethene derivatives or any other dye. 
Naturally, one or more carbon atoms of the oligomers or polymers may be substituted. 
Preferably, triplet emitters based in Iridium, and platinum complexes such as those shown in 
Figures 4A-J, or anthracene derivatives, one of which is shown in Figure 6, can be applied as 
transfer molecules. 

10 In order to confine electrons and holes in the organic matrix for exciton 

formation, electron/hole blocking layers preventing conduction of electrons/holes through the 
organic matrix may also be formed. Figure 5 shows a device 17 similar to the device 2 in 
Figure 1 with such layers. Between cathode 4 and organic matrix 10, a hole transporting and 
electron blocking layer 18 is formed. Similarly, an electron transporting and hole blocking 

15 layer 19 is formed between anode 6 and organic matrix 10. 

Hole transporting, electron blocking material layer 18 may comprise a tertiary 
aromatic amine, a thiophene oligomer, a thiophene polymer, a pyrrol oligomer, a pyrrol 
polymer, a phenylenevinylene oligomer, a phenylenevinylene polymer, a vinylcarbazol 
oligomer, a vinylcarbazol polymer, a fluorene oligomer, a fluorene polymer, a 

20 phenylenethyne oligomer, a phenylenethyne polymer, a phenylene oligomer, a phenylene 
polymer, an acetylene oligomer, an acetylene polymer, a phthalocyanine, a phthalocyanine 
derivative, a porphyrine or a porphyrine derivative. One or more carbon atoms of the 
oligomers or polymers may also be substituted. Such a material layer may also comprise 
molecules with a functional unit such as a triphenyl amine unit, a phenylenevinylene 

25 oligomer unit, a phenylene oligomer unit or a fluorene oligomer unit. In addition, dyes 

having the highest occupied molecular orbital (HOMO) within the range of about four and 
about six eV can be used as hole transporting, electron blocking material layer 18. 

Electron transporting, hole blocking material layer 18 may comprise an 
oxadiazole, an oxadiazole derivative, an oxazole, an oxazole derivative, an isoxazole, an 

30 isoxazole derivative, a thiazole, a thiazole derivative, an isothiazole, an isothiazole derivative, 
a thiadiazole, a thiadiazole derivative, a 1,2, 3 triazole, a 1,2, 3 triazole derivative, a 1,3, 5 
triazine, a 1,3, 5 triazine derivative, a quinoxaline, a quinoxaline derivative, a pyrrol 
oligomer, a pyrrol polymer, a phenylenevinylene oligomer, a phenylenevinylene polymer, a 
vinylcarbazol oligomer, a vinylcarbazol polymer, a fluorene oligomer, a fluorene polymer, a 
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phenylenethyne oligomer, a phenylenethyne polymer, a phenylene oligomer, a phenylene 
polymer, a thiophene oligomer, a thiophene polymer, an acetylene polymer or an acetylene 
oligomer. One or more carbon atoms of the oligomers or polymers may also be substituted. 

For the optimum performance the electron transport (hole blocking) layer 
5 needs to have a LUMO which is almost the same as that of the host organic material where 
the QDs are buried while the hole transport (electron blocking) layer needs to have a LUMO 
which is almost the same as that of the host organic material. In both cases hole and electron 
transport layers that the band gap is in the order of 6eV. These layers can be deposited from a 
solution, by physical or chemical vapour deposition. When solution deposition is used it is 

10 necessary to use a solvent which will not dissolve the layers 

In the following section, a possible application of the light emitting device of 
the preferred embodiment is given. Here, the invention is used to form a plurality of light 
emitting devices forming a pixel array in an active colour display. Figure 6 shows a standard 
colour display design 20 which can be used to form a colour display using the highly efficient 

15 organic matrix with embedded QDs according to the present invention. Here, a pattern of 
individual red, green and blue pixels are formed, typically by printing the organic and QD 
mixture solutions 22, 23 and 24 directly into pre-patterned wells 26. Three different organic 
material and QD mixture solutions 22, 23 and 24 are needed, each having the QD-size tuned 
to create emission at an appropriate red, green or blue wavelength. Each pixel corresponds to 

20 the device 2 described in relation to Figure 1 . Typically a transparent anode 28 is formed on 
top of a poly silicon TFT substrate 30 forms the bottom of the well, while the a polyimide - 
cathode 31 on top of an insulating silica separator 32 forms the barriers. A planarising and 
hole-injecting PEDOT layer 34 is deposited on the anode 28. When the solute of the organic 
material and QD mixture solutions 22, 23 and 24 evaporate, the organic 1 matrices 35, 36 and 

25 37 with red, green and blue light emitting QDs are formed. 

The active colour display described in relation Figure 6 is only one out of 
many possible applications of the present invention. Because of the improved power 
efficiency and performance of devices based on an electroluminescent organic matrix with 
embedded QDs according to the invention, a new freedom in the design of active and passive 

30 displays is obtained. Pixels can be made smaller and odd-shaped with low power needs 

giving rise to increased resolution. Further, flexible sheet displays and "electronic or digital 
paper" may be realised. 

A series of measurements were carried out in order to illustrate the working 
principle of the energy transfer from transfer molecules to QDs according to the invention. 
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The following fluorescence measurements illustrate the second step of the two step energy 
transfer of the invention. 

The first series of measurements shown in Figures 8 and 9 illustrates the 
energy transfer between a transfer molecule and QDs using excitation spectra from two 
5 scenarios; 1) with the transfer molecule not being attached to the QD and 2) with the transfer 
molecule being attached to the QD. 

The transfer molecule selected for these measurements was the anthracene 
derivative shown in Figure 7. 

Scenario 1); QDs and anthracene derivative in (same) solution. In Figure 8, the 
10 emission spectrum 62 from excitation of the solution at 360nm (where both QDs and 

anthracene derivative absorb) shows emission peaks for QD 64 and for anthracene derivative 
65. 

Spectrum 66 is an excitation spectrum corresponding to anthracene emission 

at 440nm. Here, the emission at 440nm (coming from anthracene) is monitored while the 
15 excitation wavelength is scanned. The resulting spectrum shows the strength of the 440nm 

emission as a function of excitation wavelength, thereby indicating how much of the 

excitation at a given wavelength results in emission at 440nm. The excitation peaks 67 are 

the anthracene excitation spectrum. 

Also shown in Figure 8 is an excitation spectrum 68 corresponding to QD 
20 emission at 610nm. It can be seen that the 610nm emission mainly corresponds to QD 

absorption. The absence of the anthracene absorption peaks 67 in this spectrum indicates that 

there is almost no energy transfer from anthracene to QD. 

Scenario 2); a dry film of QDs with attached anthracene derivative. Figure 9 

shows the emission spectrum 72 from excitation of the film at 360nm 5 corresponding to 
25 emission spectrum 62 of Figure 8. The spectrum 72 shows emission peak 73 for QD but 

almost no emission from anthracene. Hence, when the sample is excited at 360nm, only 

emission from QD and no emission for anthracene is observed, this indicates that any 

absorption in anthracene is not re-emitted from anthracene. 

Figure 9 also shows an excitation spectrum 78 corresponding to QD emission 
30 at 610nm, similar to the excitation spectrum 68 of Figure 8. Excitation spectrum 78 clearly 

shows anthracene absorption peaks 77 superimposed on the QD absorption. This proves that 

anthracene absorption contributes to the 610nm QD emission, and clearly indicates the 

presence of energy transfer from anthracene to QDs. 
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The measurements of Figures 8 and 9 illustrate the second step of the two step 
energy transfer, transfer of excitons from the transfer molecule to the QD. The behaviour 
observed for the dry film is totally different than the behaviour observed for the solution. In 
the dry film, excitons created in the transfer molecule are transferred to the QD at a rate 
5 which is larger than their decay rate in anthracene. 

Another way of obtaining more efficient energy transfer from a molecule to a 
QD is by increasing the lifetime of the excited state in the transfer molecule. In this way more 
time will be available for the energy transfer from the molecule to the QD to take place. 
Hence, the second series of measurements shown in Figures 10, 1 1 and 12 illustrates the 
10 energy transfer between organic triplet emitters and QDs. 

For this purpose we used triplet emitters, which are known to have long decay 
times. In Figure 10, an emission spectrum 82 of a layer containing 80% QDs and 20% triplet 
emitter is shown together with an emission spectrum 84 from the pure triplet emitter. 

In Figure 1 1, curve 92 shows an excitation spectrum for the 620nm emission 
15 peak of Figure 10, corresponding to the quantum dot emission, for a pure QD layer. Curve 94 
also shows an excitation spectrum for the 620nm QD emission peak, but for the layer 
containing 80% QDs and 20% triplet emitter. It can be seen that there is a much larger 
contribution to the QD emission in the spectrum 94 for the layer containing 80% QDs and 
20% triplet emitter, indicating that much of the 620nm emission originates in absorption in 
20 the triplet emitter. Figure 1 1 also shows curve 96 which is spectrum 94 corrected for the 

quantum dot absorption (spectrum 92) and for the triplet emitters contribution to the emission 
at 620nm (Spectrum 84 of Figure 10 shows that the triplet emitter also emits at 620nm, the 
monitored 620nm emission are corrected for this contribution). After these corrections, it can 
be seen that there is still a contribution by the triplet emitter to the QD emission. 
25 In order to prove energy transfer to quantum dots from the triplet emitter, time 

resolved measurements were performed. For this purpose, luminescence decay from the pure 
triplet emitter at 530 nm was measured as a function of time as shown on curve 102 in Figure 
12. The same luminescence decay can be seen in curve 104, but for the layer containing 80% 
QDs and 20% triplet emitter. Here, it is clearly seen that the long decay time observed for the 
30 pure triplet emitter is drastically reduced upon mixing quantum dots into the system. In fact, 
the decay of curve 106 resembles the decay behaviour of the decay at 616nm shown in curve 
106, primarily corresponding to QD emission. 
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The strongly reduced decay conclusively show that exciton transfer takes 
place from the triplet emitters to the quantum dots much faster than the decay of the triplet 
states, which result in increased QD emission. 



